Introduction
Layered double hydroxides (LDHs) are anionic clays, containing divalent (Me II ) and trivalent (Me III ) in hexagonal packing, similar to that of brucite structure. LDHs have a 2-D layered crystal structure with wide variations depending upon the nature of cations and Me(II)/Me(III) molar ratios, as well as A ninterlayer anions [1, 2] . Further, the LDHs structure is stabilized by including a high number of water molecules in the interlayer space, through numerous hydrogen bonds established with both cationic sites from the brucite-type layer and the anions from the interlayers. Significant progress has been made in the synthesis of LDH as tailored heterobimetallic systems allowing specific conductive responses [1] [2] [3] . Furthermore, LDHs are easy synthesized by cost-effective experimental procedures [4, 5] . A unique behavior of the LDHs is so-called structural "memory effect". Such that, the LDHs calcination at moderate temperatures within the range 400-600 o C, might destroy the 2-D layered structure giving rise to assemblies of mixed oxides [6, 7] . When these oxides are introduced in aqueous solutions containing anions, the layered structure of LDH is able to recover the original layered structure. [8] [9] [10] [11] [12] . The calcination temperature values have an important role during the transformation of the LDHs in the assemblies of mixed oxides and the reconstruction of the 2D network by the memory effect [10] [11] [12] . For the temperature values higher than 650°C, the transformations of the LDH into the mixed are irreversible, giving rise to stable nanoscaled assemblies of the mixed oxides [7, 11] . Scare information exists in the literature regarding the nanoscaled morphology of the assemblies of the mixed oxides derived from LDHs and tuning the architectonics of the selfassemblies of the mixed oxides is still a challenge for growing them as innovative heterostructures.
In the present work we present for the first time Zn-Ga-Al -based oxides as nanoscaled assemblies obtained through the thermal transformation of Zn 2+ Me 3+ (Me = Al/Ga) layered double hydroxides (LDHs) by using either the LDHs in "as-synthesized" form or after the LDHs was reconstructed in the aqueous solution of Ga2(SO4)3. Furthermore, the properties of these complex mixed oxides and their morphology features were studied as a function of the LDHs compositions and the LDHs calcination temperature.
Experimental

Synthesis of the LDH-like materials
The LDHs precursors, denoted as ZnGa and ZnAl, were prepared by the co-precipitation method. In 
Characterization techniques
The structural characteristics were analyzed by powder X-ray diffraction (XRD) on a Shimadzu XRD 6100 diffractometer with monochromatic light (λ=0.1541 nm), operating at 40 kV and 30 mA, 2θ
range 5-80°. The LDHs showed rhombohedral symmetry and the structural parameters were kV and 20 mA; the binding energies (BE) were corrected using the C1s peak to 284.8 eV as reference.
Thermal analyses of powdered sample up to 900°C were carried out at a heating rate of 10°C/min in nitrogen gas flow, using on a Perkin Elmer equipment consisting of a TG/DTG/DTA Diamond thermo-balance. Nitrogen adsorption-desorption isotherms were obtained at −196 °C using a Coulter SA 3100 automated gas adsorption system. The samples were outgassed under vacuum at 110 °C overnight in order to remove the interlayer water, before the measurements. Specific surface area was calculated according to the BET method on the basis of the adsorption data.
Results and discussions
The structural features of the studied materials are described by the XRD results. Fig. 1 and [110] planes were used to calculate the structural parameters of the samples (Table 1) . It is important to underline that the XRD parameters changed after the reconstruction. Gallium phases were not found, indicating that, if present, gallium nanoparticles are too small to be detected by XRD.
The values of the "c" parameter increased, pointing out that the sulfate ions are present in the interlayer space and determined its expansion. As expected, the values of parameter "a" is almost identical for all the samples, indicating that the reconstruction did not modify the distance between the cations of the brucite-like layers. For the reconstructed LDHs, the XRD peaks are wider, lower as intensity and not so well defined, indicating the partial loss in crystallinity and the decrease of the particle size.
For higher values of the calcination temperatures equal to 750°C and 925°C, the structural features are completely transformed, revealing the formation of the assemblies of the mixed oxides. For the series derived from ZnAl LDH precursor the XRD patterns are displayed in Figure 2 . 
Ga/ZnAl showed the same trend: when the calcination temperatures increased, the extent of crystallization accentuated for higher temperature values. The peaks from the diffraction pattern clearly described the self-assembly of the mixed ZnO/ZnAl2O4/ZnGa2O4 phases, as is detailed in For the Ga/ZnGa the XRD patterns are displayed in Figure 3 . ZnGa2O4 is also identified. This result is in agreement with previous reported data from the literature [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Therefore, the controlled thermal treatment of Ga/ZnGa gave rise to a complex assembly of the mixed oxides described as ZnO/Ga2O3/ZnGa2O4.
To get more information about the structural transformations, thermal analysis was performed from room temperature up to 900 o C; the TG and DTG curves are shown in Figure 4 and the mass loss and characteristic temperature values are shown in Table 3 . The decomposition temperatures are slightly higher for Ga-containing LDH and the two weight loss stages were due to the water elimination from the interlayer and to the decomposition of the HOand, most probably, NO3anions, respectively. In the case of the initial ZnAl and ZnGa LDHs, the mass loss reported in terms of moles of was almost similar for both samples. Assuming the chemical composition of Zn3Al(OH)8NO3 for ZnAl and Zn3Ga(OH)8NO3 for ZnGa, the "molar masses" of these species are, 421.2 respectively 463.9. After the thermal degradation, the mass loss ratios for the both samples are 288.1 and 330.5, as shown in Table 4 . Ideally, the mixed oxides resulted by calcination have the formulae Zn3AlO4.5 (mass 295.2) and Zn3GaO4.5 (mass 337.9).
The ratio between the calculated and experimental mass changes for both samples is 1.02. For the reconstructed samples, Ga/ZnAl and Ga/ZnGa, the weight loss has almost similar values. However, in the case of Ga/ZnGa sample, the decomposition temperature is much higher than for Ga/ZnAl. It is a prove that sulfate anions entered in the interlayer as compensation anions in a higher extent during the reconstruction of the calcined ZnGa. This statement is also supported by the bigger value of the c parameter of the cell (Table 1 ) and by the presence of high amounts of sulfur in the Ga/ZnGa reconstructed sample ( Table 3 ). The temperature of the second decomposition step of Ga/ZnAl sample is in turn similar to the initial samples, suggesting that in this case, the reconstruction was performed including rather by HOions in the interlayer, not SO4 2ions. these results are in accordance with the XRD patterns that were highly similar for these two samples The BET specific surface areas (SSA) values are presented in Table 4 . The samples containing aluminum have higher SSA by comparison with the samples based on gallium. It is interesting to note that the SSA values of the initial LDHs are lower than those of the reconstructed materials, both for aluminum and gallium-based samples. Also, the calcination process at 750 o C let to the increasing of the surface area. This behavior is consistent with similar results from the literature [23, 24] . The XRF analysis was used to determine the samples elemental composition in the nearby of the surface (Table 5 ). In the as-synthesized samples, the 3:1 ratios between the divalent/trivalent ions from the synthesis recipe are roughly found also in the solids. During the reconstruction step, the surface of the ZnGa strongly enriches in gallium. A high amount of sulfate ions, detected as sulfur on the surface, indicate the deposition of some gallium sulfate nanoparticles on the surface during the regeneration of the structure. For Ga/ZnAl calcined at high temperature, aluminum is found in a higher concentration than expected, while zinc content was unexpectedly low that shows a strong diffusion of aluminum from the bulk material to the surface of the grains. Further, the EDX was also used to study the samples composition. The results are shown in Figure 8 .
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ZnAl Ga/ZnAl_600 ZnGa ZnGa_600 Ga/ZnGa Further, XPS analysis was used to get information about the surface composition of the materials (see Figure 9 and Table 6 ). Figure 9 . XPS spectra of the samples a. overall spectra; b. Ga2p1/2 and Ga2p3/2; c. Zn2p 3/2.
The main signals from the XPS spectra are due to gallium oxide 1118-1120 eV (Ga 2p3/2), 1145 eV (Ga 2p 1/2), zinc oxide 1045 (2p 1/2) and 1022 eV(2p 3/2) and aluminum oxide, 80 eV (2p) [22, 25, 26 ]. The oxygen signal O1s from oxides appears between 530.8-531.9 eV. The peaks are symmetric and well-centered, indicating that the metals are present only in the oxides forms. The results shown in Table 6 indicate that the composition of the samples strongly depends on the thermal treatment. For ZnAl, after reconstruction in Ga2(SO4)3 solution followed by calcination at 600 o C, the gallium amount increased such that gallium content reaches a ratio of about 88% regarded to aluminum content. The content of ZnAl2O4 and ZnGa2O4 is almost equal for both assemblies of the mixed oxides. Upon calcination at 750 o C, the Al/Ga ratio increases, suggesting the advanced diffusion of gallium in the inner grains during the high temperature treatment. Both Zn/Al and Zn/Ga ratios are 1.72 and 1.89, respectively, indicating that ZnO is present as a separate phase, in order to balance the expected 1/2 molar ratio from ZnAl2O4 and ZnGa2O4 phases. For ZnGa LDH Zn/Ga ratio is higher than 3 suggesting that some gallium does not precipitate during the synthesis. The calcination at 600 o C dramatically increases the Zn/Ga ratio, suggesting a migration of gallium in the inner part of the grains. The reconstruction of the structure brings an amazing enrichment of the particles in gallium, suggesting that its presence as octahedra in the layer is doubled by the formation 20 of a high amount of nanoparticles, undetectable by XRD, on the outer surface of the LDH grains. The formation of high amounts of Ga2O3 that is revealed by XRD, is also reflected in the final Zn/Ga ratio of 0.11. There are significant differences in the behavior of the two series of samples, due to the presence of aluminum together with gallium in the ZnAl series. Aluminum hinders the strong segregation of gallium oxide phase, which is very abundant in ZnGa-derived materials.
Conclusions
Nanoscaled assemblies of Zn-Al-Ga mixed oxides were obtained by the controlled thermal 
